We conduct a study of the interaction of theKΞ * , ηΩ(s-wave) andKΞ(d-wave) channels within a coupled channel unitary approach where the transition potential between theKΞ * and ηΩ channels is obtained from chiral Lagrangians. The transition potential betweenKΞ * , ηΩ andKΞ is taken in terms of free parameters, which together with a cut off to regularize the meson-baryon loops are fitted to the Ω(2012) data. We find that all data including the recent Belle experiment on Γ Ω * →πKΞ /Γ Ω * →KΞ , are compatible with the molecular picture stemming from meson baryon interaction of these channels.
I. INTRODUCTION
The discovery of the Ω(2012) state by the Belle collaboration [1] prompted much theoretical work on the issue, with pictures inspired by quark models and also molecular pictures based on the meson-baryon interaction. Ω excited states appear naturally in different versions of quark models, nonrelativistic quark models [2] [3] [4] [5] [6] [7] , relativistic quark models [8] [9] [10] . Different QCD based approaches have also been used to get spectra, as QCD sum rules [11, 12] , the Skyrme model [13] , large N c considerations [14] and lattice QCD calculations [15] . Methods based on symmetries, as SU(3) [16] , and the algebraic method [17] have also contributed to this topic. In those models the Ω(2012) approximately fits as a J P = 3/2 − state, yet there is a dispersion of the results for the masses for this state that ranges from 1978 MeV in Ref. [13] to 2049 MeV in Ref. [15] . In addition, models that incorporate five quark components reduce the mass of the state in about 200 MeV [4, 5, 18] . Some low lying 3/2 − states are also obtained as molecular states from the interaction of pseudoscalar mesons and ground state baryons of (3/2 + ) [19] [20] [21] . Concretely, for the generation of the Ω(2012) state the interacting channels areKΞ * and ηΩ, and the interaction is obtained from chiral Lagrangians unitarizing in coupled channels. The interaction in this case is peculiar since the diagonal potential of the two channels is null, and only the transition potential between these two channels is non zero. This has as a consequence that the mass of the generated bound Ω state depends more strongly on the parameters of the model than in other ordinary molecular states. In this sense the data of Ref. [1] was most welcome since it provides the information needed to tune the parameters of the theory and come out with more accurate predictions. Thus, after the Belle experiment reported the Ω(2012) state, some works were devoted to trying to understand the nature of this state. In this sense, in Ref. [22] the two channelsKΞ * and ηΩ were considered with the input of the chiral Lagrangians, and the parameters of the model, related to the form factors that regularize the meson baryon loops, were tuned to the experiment. TheKΞ * channel is bound by about 11 MeV, but due to the Ξ * (1530) width there is a decay intoKπΞ. In addition, a model is made for theKΞ * →KΞ transition and it is concluded that the Ω(2012) width comes approximately with the same strength from theKπΞ andKΞ decay channels. In Ref. [23] the Ω(2012) state is supposed to be aKΞ * bound state and the coupling of the state to thē KΞ * channel is obtained using the Weinberg compositeness condition [24] [25] [26] [27] . The transition from this state to theKΞ channel is evaluated by means of a triangle diagram that involves vector exchange, and the strength of the transition is small, such that practically all the decay of the Ω(2012) state goes toKπΞ. Actually, vector exchange through this mechanism was found to be dynamically very suppressed in Refs. [28] and [29] . In Refs. [28] and [29] the chiral unitary approach was used, and in Ref. [28] the transitionKΞ * →KΞ is evaluated by means of a triangle diagram that involves baryon exchange. By the contrary, in Ref. [29] , given the difficulty to evaluate theKΞ * →KΞ transition, which proceeds in d-wave, the matrix elements forKΞ * →KΞ and ηΩ →KΞ transitions are parametrized and fit to the data. In addition, the coupled channels were extended to include explicitly theKΞ channel.
In both cases a qualitative agreement with the data was found. In Ref. [29] some fits to the mass and width of the Ω(2012) state were done and the partial decay widths toKπΞ,KΞ were found to be of similar strength, with theKΞ decay channel dominant.
This was the situation until the Belle collaboration presented the results from an experiment [30] that showed that the ratio of theKπΞ width to theKΞ width is smaller than 11.9%. This paper concludes "Our result strongly disfavors the molecular interpretation of Ref. [23] and is in tension with the predictions of Refs. [16, 22, 28, 29] , also based on molecular interpretations".
There has already been a feedback to this work and in Ref. [31] the authors redo the analysis of Ref. [23] concluding that the new data favor a molecularKΞ * state but in p-wave rather than s-wave. In Ref. [32] a nonrelativistic quark model is used and the Ω(2012) state is identified with a 3/2 − (1 2 P 3/2 ) state. The strong decay width is also evaluated and a width of 5.6 MeV is obtained in theKΞ channel and zero in theKΞ * one. In Ref. [33] the molecular picture is retaken using the Weinberg compositeness condition, but contrary to Ref. [23] , the molecule is considered not from theKΞ * state but from a coherent mixture of KΞ * and ηΩ. With large uncertainties, depending on the parameters used, they find widths of the order of magnitude of the experiment, where theKΞ decay channel is dominant, but theKπΞ decay channel has also a relatively large strength and a ratio of this decay width to theKΞ width smaller than 12% is not easy to get, although possible within theoretical uncertainties. The conclusion of the work is that "The prediction given here can hopefully support a possible structure interpretation of the Ω(2012)".
There is, however, a detail that has passed unnoticed in the former works and this is the cut made in Ref. [30] to conclude that the detectedKπΞ state comes fromKΞ * . For this purpose a cut is made in the invariant mass of πΞ, demanding 1.49 GeV < M inv (πΞ) < 1.53 GeV (1) This cut was not implemented in Refs. [22, 28, 29] , hence a proper comparison demands to redo the calculations implementing this cut. On the other hand the new information of
Ref. [30] is very valuable to further pin down the unknown parameters of the theory. With this double perspective we take the task to reanalyze the work of Ref. [29] in order to see to which extend the data rule out the molecular picture or not. Anticipating the results, we find that the results are compatible with the molecular picture in coupled channels, but in passing we will learn more about the role payed by the ηΩ channel in this problem.
II. FORMALISM
We follow the steps of Ref. [29] and take the coupled channelsKΞ * , ηΩ,KΞ. The first two channels are in s-wave and the latter one in d-wave. The 3 × 3 scattering matrix calculated with the Bethe Salpeter equation is given by
where the transition potential is given by
with f = 93 MeV, the pion decay constant, and k 0 , k ′0 the energies of initial and final mesons, respectively. In Eq. (3) the transition potentials betweenKΞ * and ηΩ are taken from the chiral Lagrangians [20] , while the transition potential betweenKΞ andKΞ * or ηΩ, which proceed in d-wave, are taken in terms of the free parameters α, β. The potential of Eq. (3) should have q 2 , instead of q 2 on , when it is used inside loops, but technically it is more practical to include this dependence in the meson baryon loop function G of Eq. (2), which is given by
where
and m i , M i the meson and baryon masses of the i channels. For the d-wave channel,KΞ, the G function is then given
In Eqs. (6)(7), q max , q ′ max are the cut off to regularize the loop functions. We take them equal, around 700 MeV and do the fine tuning of this parameter to the experimental data.
TheKΞ channel is a weak channel in the interaction, but provides the main source for the decay. Due to this, the diagonalKΞ →KΞ transition is taken zero as in Ref. [29] .
Since we are close to theKΞ * threshold, it is important to take into account the mass distribution of the Ξ * , due to its width for Ξ * → πΞ decay, and the GK Ξ * is convoluted with the Ξ * mass distribution (see technical details in Ref. [29] ). It is interesting to note that by doing this, one is including the new diagram of Fig. 1 in the GK Ξ * function, as a consequence of which, GK Ξ * gets an imaginary part when theKπΞ state is placed on shell in the loop, in other words, now one is accounting for the Ω(2012) → πKΞ decay in the coupled channels approach. Comparison of the Ω(2012) with convolution, which accounts forKΞ and πKΞ decays, and without convolution, which accounts only for theKΞ decay, gives us one estimate of the Ω(2012) decay width into theKΞ * →KπΞ decay channel, the one measured in Ref. [30] .
The couplings g i , of the resonance Ω(2012) to the different channels are obtained from the residue of the T -matrix of the pole in the second Riemann sheet (see Ref. [29] for details).
Close to the pole we have
We take the first of the former equations to determine g 2 KΞ * , and gK Ξ * has take as arbitrary sign, but the second equation of Eq. (9) allows to get the relative sign of the others couplings with respect gK Ξ * .
The convolution of GK Ξ * introduces some changes, and if the state obtained is close to theKΞ * threshold the neat pole obtained without the convolution can give rise to a pole distribution (a cut), as discussed in Ref. [34] , in which case, in order to compare with the empirical amplitude
we take the T ii matrix at its peak and get,
and Γ is also obtained from the shape of |T | 2 , from
for
In order to evaluate the ratio of Γ(πKΞ)/ΓK Ξ with the cuts of the experiment and compare with the experimental data [30] , we perform the explicit calculation of the process depicted in Fig. 2 In order to evaluate the amplitude for the process of Fig. 2 we need the coupling Ω →KΞ * , which is evaluated above, and the Ξ * → πΞ coupling. It suffices to consider that this is a p-wave coupling, proportional top π in the Ξ * rest frame, and then we have 
with g Ξ * ,πΞ given in terms of Γ Ξ * via
taking Γ Ξ * ,on = 9.1 ± 0.5 MeV [35] . Then we have for the πΞ mass distribution
.
The way to evaluate the width for πKΞ decay described above is new with respect to the one used in Ref. [29] , which was based on the comparison of the Ω(2012) widths with and without convolution of theKΞ * channel. Here we will compare both methods, but the new one is needed to implement the cuts of the experiment of Ref. [30] . There is also another novelty with respect to Ref. [29] , since both in the convolution of GK Ξ * and in the evaluation of dΓ Ω /dM inv (πΞ) of Eq. (16) we take the Ξ * width energy dependent. This is, we take
withp π ,p π,on given by Eq. (14) with M inv (πΞ) forp π and M inv (πΞ) = M Ξ * forp π,on . By using explicitly Eq. (15) we avoid having to evaluate g Ξ * ,πΞ and we directly obtain
One can see that in the limit of Γ Ξ * → 0, (Im(M inv (πΞ) − M Ξ * + i Γ Ξ * 2 ) −1 → −πδ(M inv (πΞ) − M Ξ * )) one obtains the ordinary decay formula for Ω(2012) →KΞ * , indicating that the normalization has been correctly taken into account.
III. RESULTS
We shall make a fit to the experimental data by varying the 3 parameters q max , α, β. The experimental data are
Γ Ω(2012) = 6.4 +2.5 −2.0 ± 1.6 MeV,
Γ Ω (πKΞ) Γ Ω,KΞ < 11.9 %.
We find a reasonable compromise with the parameters
with q max a little smaller than in Ref. [29] (735 MeV) and the weight of β with respect to α also bigger than in Ref. [29] . In Fig. 3 , we show |T | 2 for the diagonalKΞ * channel in three options; (a) with GK Ξ * no convoluted, (b) with GK Ξ * convoluted with Γ Ξ * energy independent fixed to the nominal Ξ * width (the option of Ref. [29] ) and (c) Γ Ξ * energy dependent, Eq. (18), the present option. GK Ξ * with convolution and Γ Ξ * fixed; (c) GK Ξ * with convolution and Γ Ξ * energy dependent.
We observe that options (a), (c) give a similar mass, but the mass of option (b) is a bit displaced to lower values. We find (we refer by Ω * the Ω(2012) for simplicity), 
(c) Γ Ω * ,con(Edep) = 8.6 MeV.
The numbers for the mass and width for the case with energy dependent convolution are compatible with the experimental numbers within errors. From these, by taking
we can compare with the experimental ratio of Eq. (22) . We see that the ratio obtained is a bit larger than the 11.9 % experimental upper bound, but the cuts on M inv (πΞ) of the experiment are not implemented there. We must comment that it is difficult to obtain smaller ratios of Eq. (26) by changing the parameters, while still being in agreement with the mass and width of the Ω * resonance. In any case, Eq. (26) improves the agreement with data compared to the result in Ref. [29] (around 90 %). It is interesting to see that the use of the convolution with the energy dependent Ξ * width improved this ratio. Indeed, if we use Eq. (26) with Γ Ω * ,con(Eind) the ratio becomes 30 %, which is bigger than before. The realistic consideration of the Ξ * width of Eq. (20) is a factor that renders the fraction of Eq. (26) smaller.
Next we look into the couplings. In the case of no convolution, we find the pole at (a) M Ω * (pole) = (2013.0, i4.6) MeV, with a mass very similar to the one quoted above from the peak of |T | 2 , and the width, 2 ImM Ω * = 9.2 MeV, also close to the one quoted before. From the residues of T ij at the pole, we obtain the couplings shown in Table I . There we also show the wave function at the origin for the s-wave states, g i G i , calculated at the peak [26] , and the probability the case of only bound channels, each term of this sum is the probability of the respective channel [26] . In the present case, the real part of each term can approximately be considered the probability of this channel for the closed ones.
We can see that the couplings obtained are very similar to those in Ref. [29] , but the strength of ηΩ andKΞ are a bit bigger. We also can see that the strength of the wave function at the origin, as well as the probability, dominates for theKΞ * state. Since this is the magnitude that enters the evaluation of short range observables, one can conclude that theKΞ * state is the dominant component in the Ω * wave function. Note, however, that the inclusion of the ηΩ channel is what has made the appearance of the Ω * bound state possible since the diagonal potential of theKΞ * channel is null and hence cannot produce any bound state by itself. As a consequence, it is not surprising that both the strength of the couplings and the wave functions at the origin are of the same size. We also observe that the value of the couplings extracted from the residues of the pole and those of |g i | from |T | 2 via Eq. (11) are quite similar.
Next we look into Eq. (19) and evaluate dΓ Ω * /dM inv (πΞ) through the mechanism of Fig. 2 .
We show the results in Fig. 4 . What we see in Fig. 4 is dΓ Ω * /dM inv (πΞ) using Eq. (19), with the same coupling gK Ξ * ,con of Table I to facilitate the comparison, but taking Γ Ξ * constant (option (b)) and Γ Ξ * energy dependent (option (c)). We observe that the strength in the 
Γ Ω * →πKΞ(cut) = 0.98 MeV.
We observe that the value Γ Ω * →πKΞ from Eq. (27) is similar to the one obtained from Eqs. (25) substituting Γ Ω * ,con(Edep) − Γ Ω * ,non = 1.00 MeV. The result obtained from Eq. (27) should be considered more accurate. The next thing to consider is to see which is the effect of the experimental cut of Ref. [30] to obtain the ratio of Eq. (22) . We see that it leads to about 10 % reduction. Finally, if we take Γ Ω * →πKΞ,(cut) from Eq. (28) and divide by the width Γ Ω * ,non of Eqs. (25) , we obtain Γ Ω * →πKΞ(cut) Γ Ω * ,non = 12.9 %,
in good agreement with the estimate of Eq. (26) . This is the ratio that should be compared with the experimental one, and, as we can see the ratio obtained is close to the experimental boundary, but still a bit higher. We should emphasize that theKΞ * is bound considering Ξ * as an elementary particle. It is only the width of the Ξ * , and its related mass distribution, what renders Γ Ω * →πKΞ finite, but given the small width of the Ξ * one should expect small values of this width, as is the case here. There are other examples of that in hadron physics.
Indeed, the Λ(1520) appears as a dynamically generated resonance from the πΣ * , KΞ * channels in s-wave, but it mostly decays intoKN, πΣ in d-wave [36] .
We should recall that with the molecular picture that we have studied, values of Γ Ω * →πKΞ as we have obtained are unavoidable, and it is not possible to get smaller values while being consistent with the mass and full width of the Ω * . This is, however, using values of α, β of the same sign. The global sign does not matter, however, things could be different assuming a relative negative sign between α and β. 1 In view of this, we take new values of α, β of opposite sign and look again for acceptable solutions. It is possible to reduce the ratio of Eq. (29) with many solutions, but not drastically. In view of this, we show the result with just one set of parameters. Provided the experimental data are improved in the future, a best fit to determine the optimal parameters would be most advisable.
We find a reasonable solution with
and we summarize the result in analogy to what was done before in Eq. 
which is already in agreement with experiment. The couplings slightly change with respect to those obtained before. They are summarized in Table II . If we use new |g i,conv | from that one has about 82 % probability between theKΞ * and ηΩ bound channels, stressing the molecular nature of the state.
IV. SUMMARY AND CONCLUSIONS
We have made a thorough study of the viability of the molecular picture for the Ω(2012) state in view of the boundary found in the Belle experiment for the Ω * width going to πKΞ, as a signal of theKΞ * components. The study is rather complete and contains theKΞ * , ηΩ andKΞ states as coupled channels in a unitary approach. The transition potential between KΞ * and ηΩ are taken from the chiral Lagrangians but the transition potentials fromKΞ * , ηΩ in s-wave to theKΞ in d-wave are taken as free parameters. Together with a cut off to regularize the loops, this provides three unknown magnitudes in the theory which are fitted to the data to reproduce the mass, width and partial decay width of the Ω(2012) to πKΞ. We find an acceptable solution in terms of natural values for the parameters which reproduce fairly well the experimental data. Here, the main conclusion is the compatibility of the molecular picture with present data. Yet, we also observe that it is not possible to obtain ratios of Γ Ω * →πKΞ /Γ Ω * →KΞ smaller than about 13 % without spoiling the agreement with mass and width of the Ω * (2010) if the α, β parameters are taken of the same sign. But the ratio is improved for sets with α, β of opposite sign, leading to values compatible with experiment. A more precise measurement, providing the Γ Ω * →πKΞ /Γ Ω * →KΞ ratio, or finding a much stringent upper bound than the present one, will be determining to settle the issue of the possible molecular picture for the Ω(2012) state. We should note that the molecular structure of this state is rather peculiar, in the sense that it corresponds to mostly aKΞ * bound state, however, it requires the interaction with the ηΩ channel to bind, while neither theKΞ * nor the ηΩ states would be bound by themselves. 
